quantitatively. Furthermore, high-k material has been widely applied as gate dielectric in a-IGZO TFTs in order to reduce their operating voltage. 10, 11 Among them, HfLaO is one of the most promising dielectric materials due to its superior properties, including high dielectric constant, good thermal stability and low trap density, 12 and thus is selected as the gate dielectric for the a-IGZO TFTs in this work.
The schematic diagrams of the device cross section during fluorine ion implant and after all the fabrication steps are shown in Figure 1 (a) and Figure 1 (b), respectively. In this structure, p-type (100) silicon with a resistivity of 0.01 ~ 0.02 Ω·cm acts as both the substrate and gate electrode of each sample. Firstly, the conventional RCA (Radio Corporation of America) method was used to remove the organic and ionic contaminants on the substrate. 13, 14 Secondly, deposition of a 40-nm HfLaO film was done by means of a sputtering system with a radio-frequency (RF) power of 40 W and a metal target of HfLa (with 40% lanthanum). Moreover, the sputtering process was conducted in a mixed ambient of Ar plus O 2 (Ar : O 2 = 24 sccm : 6 sccm). Thirdly, an annealing treatment at 400 °C in an ambient of N 2 for 10 min with a gas flow rate of 500 ml/min followed in order to improve the quality of the HfLaO film.
Subsequently, each sample received a deposition of a 60-nm a-IGZO active layer through RF sputtering from a ceramic target ( were 100 µm and 30 µm respectively, and all the processing steps except the annealings were conducted at room temperature. respectively. The correlation between the RMS value and the fluorine dose is exhibited in Figure 3 (f), which shows a strong consistency of the improvement in the surface roughness of a-IGZO induced by fluorine incorporation. This finding proves that fluorine atoms can effectively passivate the defects in a-IGZO, e.g. by combining with its dangling bonds. 15 Moreover, it is believed that a smoother a-IGZO surface could reveal improved quality of the channel/dielectric interface, 16 which is important for better electrical characteristics of a-IGZO TFTs. 
Therefore, the electron concentration in a-IGZO is increased, resulting in enhanced carrier mobility for a-IGZO TFTs. In addition, the increase of electron concentration in a-IGZO is further revealed by the V TH reduction of the fluorinated samples compared to the control sample in Table I . On the other hand, the passivation effect of fluorine on the defects in a-IGZO (including both the a-IGZO bulk and the a-IGZO/HfLaO interface), e.g. the dangling bonds normally acting as electron trap sites in a-IGZO TFTs, is another important factor for increasing the carrier mobility due to the suppression of trap-induced scattering on channel electrons. This passivation effect has been supported by the AFM results which exhibit a continual improvement in the surface roughness of a-IGZO with increasing fluorine dose.
Furthermore, it is believed that the SS of a-IGZO TFTs can be affected by the trap density at/near the a-IGZO/dielectric interface. possibly because excessive fluorine atoms could act as interstitial defects rather than passivators. 18 In addition, for very high fluorine dose, the electron and defect concentrations in the IGZO film can become high enough to induce significant current flow in its bulk (loss of channel-current modulation by the V GS sweeping), 19 as demonstrated by the hump in the subthreshold region of the transfer curve shown in Figure 4 (a), and accordingly the SS of TFT increases. nearly twice that of the control sample (366 µA). On the other hand, performance degradation of the a-IGZO TFT can also be observed from the output characteristics when the fluorine dose is higher than 1.0×10 15 /cm 2 . In addition, since the phenomenon of current crowding is present in Figure 5 , the forming-gas annealing needs to be prolonged or done at higher temperature so as to improve the electrical contact between the source/drain electrode and a-IGZO.
In 
